Abstract. Studies on molecular mechanisms of self-renewal in normal stem cells are required for understanding the cancer stem cell. Self-renewal in many kinds of normal stem cells might be accelerated in the growth of a young organism and in the repair of damaged tissue. This study examined whether the esophagus in growing neonates provides an experimental system for studies on epithelial stem cell renewal. The esophageal epithelium consists of 3 layers, from the luminal side to the bottom: the differentiated, epibasal and basal cell layers. The basal cell layer is known to contain the stem cells for the esophageal epithelium. This basic architecture is observed both in mice and humans. We investigated the basal cells in the mouse neonate by immunostaining with a basal cell marker, nerve growth factor receptor (Ngfr), and compared the basal cell content in the esophageal epithelium between mice and humans. A mouse esophageal epithelial cell primary culture system was developed for studies on the basal cell growth and keratinocyte differentiation, and microarray analysis was conducted for obtaining expression profiles of the basal cells. It was revealed that the growth of the esophageal epithelium begins from postnatal day 3, and that the timing is consistent with membrane localization of Ngfr in the basal cell. An increase in the basal cell number by Ngf treatment is observed in in vitro mouse esophageal epithelium cultures. Furthermore, mRNA overexpression of Pdgfrb encoding platelet derived growth factor receptor ß and Egfr encoding epidermal growth factor receptor is associated with the timing of the growth of the esophageal epithelium in the neonatal mice. This study provides a new experimental model for studies on the growth of the basal cells, which are considered to include the stem cells, and on the enlargement of the body size in young organisms.
Introduction
There is increasing evidence supporting the cancer stem cell hypothesis (1) (2) (3) (4) (5) . Normal stem cells in the adult organism are for tissue renewal, are immortal, and rather resistant to drugs. They are able to differentiate and form specific types of tissue by asymmetrically producing two daughter cells; a new stem cell, and a progenitor cell, which has differentiation and proliferation ability, but no capability for self-renewal. Cancer stem cells might be derived from self-renewing normal stem cells due to altered proliferative pathways or from progenitor cells that have acquired the ability of self-renewal. In both cases, dysregulation of stem cell self-renewal is a key event in tumorigenesis. Therefore, studies on the molecular mechanisms of self-renewal in normal stem cells are required for cancer stem cell research. Self-renewal in many kinds of normal stem cells might be accelerated in the growth of a young organism and in the repair of damaged tissue. But much remains to be learned on stem cell renewal in growing neonates. Furthermore, molecular biological study on the enlargement of the body size in young organisms has rarely been found.
The esophagus may be one of the most simple organs. The luminal surface of the human esophagus is linked by a nonkeratinizing, stratified squamous epithelium. Histologically, the esophageal epithelium can be divided into three layers: a single basal cell layer that adheres to the basement membrane (the basal cell layer), a variable number of small basophilic cell layers above this (the epibasal cell layers), and multiple layers of progressively flattened, differentiated squamous cells (the differentiated cell layers) (6, 7) . Cell proliferation is limited to the basal layer and the epibasal layers, from which cells are thought to migrate towards the lumen side. In general, stem cells are thought to be not only self-renewing but also slowly or rarely cycling. However, most of the basal cells actively proliferate and are thus considered to be transit amplifying cells, and only a limited number of the basal cells are stem cells. Thus, esophageal epithelial cell differentiation follows a unidirectional linear pathway from the stem cells to the transient amplifying cells in the basal cell layer, and thence to the epibasal cells, and finally to the differentiated cell.
During the process of establishing a mouse esophageal epithelial cell culture system, we discovered that esophageal epithelium growth begins from postnatal day 3, and that the timing is consistent with membrane localization of nerve growth factor receptor Ngfr and mRNA overexpression of Pdgfrb (platelet derived growth factor receptor ß) and Egfr (epidermal growth factor receptor) in the basal cells. The basal cell number was increased by Ngf treatment in in vitro mouse epithelium cultures. This study provides a new experimental model for studies on the growth of the basal cells, which include esophageal epithelial stem cells and on the enlargement of the body size in young organisms.
Materials and methods
Immunohistochemistry. For immunohistochemical staining of frozen sections of murine esophagus, specimens that were embedded in a TissueTek OCT medium (VWR Scientific, Torrance, CA) and stocked at -80˚C until use were cut into 5-μm sections, which were then immediately fixed in 100% ethanol for 2 min. Blocking was carried out with the Vector M.O.M. kit (for antibody made in mouse, BMK-2202; Vector Laboratories, Burlingame, CA), and the Dako protein block (for others, X0909; Dako, Carpinteria, CA) for 30 min at room temperature. Sections were incubated overnight at 4˚C with diluted rabbit polyclonal antibody directed against mouse Ngfr (ab8875, 1:50; Abcam, Cambridge, MA), and rat monoclonal antibody directed against Integrin b1 (Itgb1) (558741, 1:50; BD Biosciences, San Jose, CA). On the following day, after washing sections with PBS containing 0.1% Tween-20, endogenous peroxidase activity was blocked with 3% H 2 O 2 in methanol for 30 min. Biotinylated secondary antibodies were applied for 30 min at room temperature. Detection was carried out with the Vectastain ABC Elite kit (PK-6100; Vector Laboratories). After extensive rinsing and incubation with an avidin-biotin immunoperoxidase complex, staining was visualized with the DAB system (Nichirei, Tokyo, Japan), and the sections were counter-stained with Mayer's hematoxylin.
The primary culture of mouse esophageal epithelial cells.
On early postnatal days 1-7, the esophagi of the 57BL/6J mice were minced, then suspended and sterilized with 10% antibiotic-antimycotic (Invitrogen, Carlsbad, CA), and digested by incubation for 12 min at 37˚C in 0.05% collagenase1 (Nitta Gelatine, Osaka, Japan), and then manually dissociated with scissors, and incubated for 5 min at 37˚C with a 1:1 ratio of 0.5% Trypsin-EDTA (Invitrogen) and Dispase 10000PU (Godo Shusei, Tokyo, Japan) in PBS (-). Following filtration with a 100-μm cell strainer (Falcon, Franklin Lakes, NJ), the digested tissue fragments were centrifuged for 5 min at 1,200 rpm, resuspended in Defined Keratinocyte-SFM (Invitrogen) with 1 ml of supplement and antibiotic-antimycotic, plated in type 1 collagen-coated 35-mm culture dishes (Iwaki, Tokyo, Japan) and incubated at 37˚C in a humidified atmosphere flushed with 5% CO 2 in the air. Twenty-four hours after plating, nonadhesive cells were discarded. The culture medium was changed every other day. For Ngf treatment, 2 μg/ml of recombinant mouse Ngf (13257-019; Invitrogen) was added.
Immunostaining of mouse primary cultured cells. Cultured cells were fixed in 4% paraformaldehyde for 20 min and permeabilized in 0.3% TritonX-100 for 10 min at room temperature. Blocking was carried out with the Vector M.O.M. kit for 60 min. The dishes were incubated overnight at 4˚C with diluted rabbit polyclonal antibody directed against mouse Ngfr (ab8875, 1:50; Abcam). On the following day, endogenous peroxidase was blocked with 3% H 2 O 2 in methanol for 30 min. Biotinylated secondary antibodies were applied for 30 min at room temperature. Detection was carried out by using a Vectastain ABC Elite kit (Vector Laboratories) and the DAB system (Nichirei), as previously described.
Isolation of the basal cell from mouse primary cultured cells by magnetic cell sorting (MACS)
. MACS was carried out according to the manufacturer's protocol (Miltenyi Biotec GmbH, Germany). In brief, mouse primary cultured cells were tripsinized, centrifuged for 5 min at 1200 rpm, and then blocked with 0.5% BSA. The cells were incubated with monoclonal anti-mouse integrin b1 (CD29) antibody (diluted 1:50 in 0.5% BSA; BD Biosciences) for 30 min at 4˚C. After washing twice with 0.5% BSA, the cells were labeled with Table I . PCR primer sequences. Microarray analysis. Total RNA was isolated by suspending the cells in an Isogen lysis buffer (Nippon Gene, Toyama, Japan) followed by precipitation with isopropanol. The mRNA was amplified by an efficient method of high-fidelity mRNA amplification developed in our laboratory, called TALPAT (T7RNA polymerase promoter-attached, adaptor ligationmediated, and PCR amplification followed by in vitro T7-transcription) (8) . We used Mouse Expression Array 430A (Affymetrix, Santa Clara, CA) for analysis of mRNA expression levels corresponding to 22,690 transcripts. The procedures were conducted according to the supplier's protocols. Briefly, 10 μg of fragmented cRNA was hybridized to the microarrays in 200 μl of a hybridization cocktail at 45˚C for 16 h in a rotisserie oven set at 60 rpm. The arrays were then washed with a nonstringent wash buffer (6X SSPE) at 25˚C, followed by a stringent wash buffer [100 mM MES (pH 6.7), 0.1 M NaCl, and 0.01% Tween-20] at 50˚C, stained with streptavidin phycoerythrin (Invitrogen), washed again with 6X SSPE, stained with biotinylated anti-streptavidin IgG, followed by a second staining with streptavidin phycoerythrin and a third wash with 6X SSPE. The arrays were scanned using a GeneArray scanner (Affymetrix) at 3-μm resolution, and the expression value (average difference; AD) of each gene was calculated using GeneChip Analysis Suite version 4.0 software (Affymetrix). The mean of AD values in each experiment was 1000 to reliably compare variable multiple arrays. More than 2-fold overexpressed genes were selected by Microsoft Excel.
Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated by suspending the cells in an Isogen lysis buffer (Nippon Gene) followed by precipitation with isopropanol. The mRNA was amplified by TALPAT. RT-PCR was carried out using primer sets designed for detecting the 3' side of cDNA of each gene. Primer sequences are shown in Table I . PCR was performed under conditions of 30-35 cycles of 3 steps of temperature, 95˚C for 1 min, 55˚C for 1 min, and 72˚C for 1 min, using the AccuPrime Taq DNA polymerase system (Invitrogen).
Results
The growth of the esophageal epithelium in mouse neonate. In humans (6, 7) , the lamina propria invaginates the epithelium, producing papillary structures. Hence, the basal layer is further divided into two types: one flat (the interpapillary basal layer, IBL) and one covering the papillae (the papillary basal layer, PBL) (Fig. 1) . It has been reported that esophageal stem cells, displaying asymmetrical mitotic figures, may be localized to the IBL while transit amplifying cells may reside in the PBL (6, 7) . In contrast to humans, the mouse esophageal epithelium is progressively keratinized towards the luminal surface and consists of very thin layers of the epibasal cell. Furthermore, the mouse esophageal epithelium shows at most a quite short papillary structure. Therefore, the interpapillary basal cells, which contain the stem cells, may be present in relatively large numbers in the esophageal epithelium of mice as compared with humans. This characteristic may provide an advantage in the establishment of a primary culture system for studies on the cell differentiation processes from the stem cells to the terminally differentiated squamous cells.
While establishing a mouse esophageal epithelial cell culture system, we investigated the growth of the esophagus in the mouse neonates. To calculate the number of the basal cell, we stained Ngfr because the basal cell expressed Ngfr in adult mice as well as in adult humans (9) (Figs. 1 and 2A) . Unexpectedly, in the mouse neonate, Ngfr was detected in the lamina propria ( Fig. 2A , red arrows) but not in the basal cell (black arrows) 0 to 2 days after birth, although Ngfr then became detectable in the basal cells on days 3 to 9 after birth ( Fig. 2A) . We further investigated Ngfr mRNA expression in the basal cells of postnatal day 1 mice. In the esophagus, the basal cell is known to express integrins including Integrin-b1 (Itgb1), -a1 (Itga1), and -b4 (Itgb4) as well as Ngfr (10) . Hence, we isolated the basal cells from mouse esophageal epithelium primary cultures by MACS with anti-Integrin-b1 (CD29) antibody. Ngfr mRNA was shown to be enriched together with mRNAs of the above Integrins by RT-PCR in a CD29-positive cell fraction (Fig. 2B) . These results suggest that Ngfr mRNA is expressed in the basal cells on early postnatal days (0-2 days). Therefore, on such days, Ngfr protein may have been secreted by the basal cell, with the result that this protein was accumulated and detected in the lamina propria ( Fig. 2A) . This notion is supported by a previous report showing that the truncated and secreted form is produced from a post-translational modification of the intact, surface-bound form of the Ngfr protein (11) .
Next, in three sections of the esophagus of the three young and adult 57BL/6J mice, we counted the number of basal cells as an indicator of esophageal epithelium growth. The number of basal cells was approximately 200 per horizontal section until 2 days after birth; 250 on postnatal day 3; 400 on day 9, and 600 in adult mice (Fig. 3A) . Considering the circadian control of cell division, we investigated the expression of proliferating cell nuclear antigen (Pcna) in the esophagi of the neonates at the same time in the morning. As shown in Fig. 3B , a majority of Pcna-positive cells were basal cells. Consistent with the increase of the basal cells from postnatal day 3 (Fig. 3A) , the rate of the Pcna-positive basal cells in postnatal day 3 mice significantly increased compared with that in the day 2 mice (Fig. 3B) . These results suggest that the growth of the esophageal epithelium begins from postnatal day 3, and that the timing is consistent with that when Ngfr localizes to the basal cell membrane.
Increase of the basal cell number by Ngf treatment in in vitro
mouse esophageal epithelium cultures. By the procedures described in the Materials and methods section, we first tried to culture mouse esophageal epithelium of the 57BL/6J mice on postnatal days 1 to 14 and at the adult stage (data not shown). The cells were found to grow very well and form large colonies after 14 days in the culture of the esophageal epithelial cells isolated from the early postnatal days 1 to 7; however, in the culture derived from the postnatal day 8 to 14 epithelia, the cells decreased growth and formed small colonies. Furthermore, in the adult mice, the esophageal epithelial cells did not even form small colonies. Next, we characterized the primary cultures of the esophageal epithelium on early postnatal day 3 for 14 days (Fig. 4B) . On day 1 after culture, a single cell was dominantly present (red arrowhead), and on days 2 to 4, the majority of colonies formed were small, composed of <10 cells that gave only a positive staining for a basal cell marker, cytokeratin 14 (Krt14) (7) (Fig. 4A and B) . However, approximately half of the colonies became large, comprising 20-30 cells on days 5 to 6. The majority of the outer cells of the colonies gave a positive staining for Krt14, while that of the inner cells was positive for a differentiated cell marker, Krt10 (12, 13) (Fig. 4A and B) . Furthermore, on days 7 to 14, keratinized cells appeared in the inner layers of most of the colonies.
In this primary culture system of neonatal murine esophageal epithelial cells, the most important characteristics are that colonies containing Krt14-positive undifferentiated cells (basal cells) and Krt10-positive differentiated cells seem to be produced from a single basal cell, and that, until day 4 after culture, only the basal cell population increases in each colony. As described in the introduction, only the stem cells, which may be present in the basal cell layer, have the ability of selfrenewal and asymmetric growth, while the progenitor cells (transit amplifying cells), which constitute most of the basal cells, have no capacity for self-renewal. The characteristics of the primary cultures suggest that a symmetrical cell division, resulting in two daughters of the basal cells, preferentially occurred from day 1 to 4 after culture. From day 5 to 14, an asymmetrical cell division seems to occur preferentially, producing one basal and one differentiated cell, possibly through the epibasal daughter cell. Therefore, this esophageal epithelial cell culture system of the neonatal mice is useful for studies on the basal cell self-renewal and keratinocyte differentiation.
To examine the effect of Ngf in the basal cells, we added recombinant mouse Ngf to the primary cultures of the postnatal day 3 mice. After 24 h, the number of cells expressing Krt14 increased compared with that of the untreated control (Fig. 4C) . Next, we stained another basal cell marker, Ngfr, and investigated the colony size. The colonies consisting of the Ngfr-positive cell were also observed to enlarge after Ngf-treatment for 24 h (Fig. 4D) . These results suggest that Ngf may be required for basal cell growth and/or survival with the membrane localization of its receptor.
Expression change of other receptor genes in the basal cell during growth.
To identify genes up-regulated in the basal cells after postnatal day 3, we performed microarray analysis of the primary cultured esophageal epithelial cells of postnatal day 4 and day 1 mice. Of 22,690 genes, 274 genes were identified as more than 2-fold up-regulated in the cultured cells of the postnatal day 4 mice (Table II) . We found three genes, roundabout homolog 1 (Robo1), Egfr and Pdgfrb, as the gene encoding growth factor receptor, which were highly Table II . Gene candidates whose expression is up-regulated in the esophageal basal cells after postnatal day 3. Table II . Continued. expressed in the esophageal epithelial cell primary culture of the postnatal day 4 mice compared with that of the postnatal day 1 mice. Since the primary cultured cells were prepared on day 2 of the primary culture, they primarily consisted of the basal cells described above. Therefore, it was expected that these three receptor genes would be highly expressed in the basal cells of the postnatal day 4 mice compared with that of the postnatal day 1 mice. For confirmation, we prepared RNA samples from two specimens: one (B) contained the basal cells, and the other (D+E) contained both the epibasal cells and the differentiated squamous cells by LCM (Fig. 5A) .
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We then performed RT-PCR after amplification of a small amount of RNA (10-20 ng) by TALPAT (8) . The mRNA of a basal cell marker gene Krt14 was detected preferentially in specimen B, demonstrating that the target cells were effectively enriched by LCM. Both Pdgfrb and Egfr were expressed highly in specimen B of the postnatal day 4 mice compared with that of the postnatal day 1 mice (Fig. 5B) . Thus, overexpression of Pdgfrb and Egfr is associated with the timing of accelerated growth of the esophageal epithelium in young mice.
Discussion
We discovered a unique phenomenon that the growth of the esophageal epithelium shows a remarkable activation point around postnatal day 3 in mice. In mammals, the neonate ingests breast milk very soon after birth, and then is infected orally with microorganisms through both lactation and other maternal care. This delayed start system may provide time for acquiring immunoresponsibility against microorganisms. Expressional and functional analyses of Toll-like receptors in young mice will be an interesting project in the future. To date, it is not known why growth is delayed and whether the same phenomenon occurs in humans. However, our finding provides a new experimental model for studies on self-renewal of esophageal epithelial stem cells. Esophageal squamous cell carcinoma has a poor prognosis because of frequent metastasis to the lymph nodes and lungs (14) (15) (16) . There is no radical therapy for patients with metastases. Studies on the molecular mechanisms of self-renewal of adult stem cells is quite important for understanding cancer cell growth and/or cancer stem cell growth. In the self-renewal of hematopoietic stem cells, the signaling of Wnt (17) (18) (19) (20) , Notch (21) (22) (23) , and HoxB4 (24,25) is reported to be involved. In the neural stem or precursor cells, Bmi1 has been reported to have a critical role (26) . Only the hedgehog signaling pathway has been involved in the self-renewal of a variety of organs including the brain (27, 28) , lung (29) , pancreas (30), bone (31) , and skin (32) . In the stomach, Shh and Dhh expression have been shown to be greatest at the pit-gland transition and restricted to the parietal cells (33, 34) , while Ihh was expressed in the pit cells (34) . Although the hedgehog signaling pathway acts as a polarizing signal for bi-directional differentiation in the stomach (33, 34) , it remains unknown whether this pathway plays a role in maintaining stem or precursor cells, owing to the lack of an in vitro culture system for expansion of those cells. In the esophagus, hedgehog signal activation itself is unclear (35) . Here we report that NGF signaling is a candidate for the self-renewal of the esophageal epithelial stem cell. ---------------------------------------------- ---Consistent with the overexpression of Egfr and Pdgfrb in postnatal day 4 mice, Egf is known to be an essential growth factor for maintaining squamous cell cultures in the absence of serum, and Pdgf has also been reported to maintain the small side population, which is enriched for stem cells, in the C6 glioma cell line (2). These two growth factor receptor genes could be required for the basal cell self-renewal in the esophagus. Our extensive gene list and the present mouse primary culture system can contribute to studies on the selfrenewal of the basal cells and keratinocyte differentiation in the esophagus.
-------------------------------------------------
Expression analysis of receptor genes in laser-captured cells revealed that Robo1 and Egfr are expressed in the basal cells in the mouse neonates but not in those in adult mice (Fig. 5B) . This suggests that the signal transduction through some receptors acts on the stem cells only in the growing stage. Therefore, in situ expression analysis by laser-captured basal cells is thought to be very important. Consistent with other reports (36) (37) (38) (39) (40) (41) (42) , the TALPAT, which was used in RNA amplification of a very small amount of the laser-captured cells and the primary cultured cells (Fig. 5 and Table II) , is thereby confirmed in its efficiency and high-fidelity. This method should be applied to the in situ expression analysis in the mouse neonates and adult mice in the future. 
